The catalytic subunit of telomerase (TERT) contains conserved reverse transcriptase-like motifs but Nand C-terminal regions unique to telomerases. Despite weak sequence conservation, the C terminus of TERTs from various organisms has been implicated in telomerase-speci®c functions, including telomerase activity, functional multimerization with other TERT molecules, enzyme processivity and telomere length maintenance. We studied hTERT proteins containing small C-terminal deletions or substitutions to identify and characterize hTERT domains mediating telomerase activity, hTERT multimerization and processivity. Using sequence alignment of ®ve vertebrate TERTs and Arabidopsis thaliana TERT, we identi®ed blocks of highly conserved amino acids that were required for human telomerase activity and functional hTERT complementation. We adapted the non-PCR-based telomerase elongation assay to characterize telomerase expressed and reconstituted in the in vitro transcription/translation rabbit reticulocyte lysate system. Using this assay, we found that the hTERT C terminus, like the C terminus of Saccharomyces cerevisiae TERT, contributes to successive nucleotide addition within a single 6-base telomeric repeat (type I processivity). Certain mutations in the hTERT C terminus also reduced the repetitive addition of multiple telomeric repeats (type II processivity). Our results suggest a functionally conserved role for the TERT C terminus in telomerase enzyme processivity.
INTRODUCTION
Telomeres are unique DNA±protein structures that cap the ends of linear chromosomes (1) . Telomere integrity is essential for chromosome stability, and the maintenance of telomeric DNA is required for the long-term proliferation of eukaryotic cells (2) . Several proteins have been identi®ed that associate with telomeres and regulate various aspects of telomere structure, organization and length (1) . In vertebrates, telomeres are composed of G-rich repeats synthesized by the ribonucleoprotein complex telomerase (3) .
The human telomerase enzyme is minimally composed of a protein catalytic subunit, the telomerase reverse transcriptase (hTERT), and an RNA molecule, hTR. A short sequence within hTR serves as a template for de novo addition of telomere sequences (4) . Comparative analysis of the amino acid sequence of TERT from different organisms revealed several conserved domains in TERT (5, 6) . The central region of TERT contains reverse transcriptase (RT)-like motifs and a telomerase-speci®c (T) motif essential for telomerase function in vitro and in vivo (7±10). TERT-speci®c motifs in the N terminus are important for enzymatic activity and are implicated in telomerase RNA binding and RNA template boundary de®nition (11±16). Recently, hTERT N-terminal amino acid residues that interact with hTR were de®ned (17) . A DAT (dissociates activities of telomerase) region essential for telomere maintenance in vivo was mapped to the hTERT N terminus, and may be involved in the recruitment of the telomerase enzyme to telomeres (18) . The N terminus of hTERT is also involved in functional and physical multimerization with other hTERT molecules, in telomerase ribonucleoprotein (RNP) formation in vivo, and in hTERT nucleolar localization (12,17,19±23) .
The C terminus of TERT is not well conserved within the TERT family (24) . However, the C-terminal domain is essential for human telomerase function in vivo. The addition of a hemagglutinin (HA) epitope tag at the C-terminal end impairs hTERT's ability to maintain telomere length, increase the cellular life span of primary cells and immortalize transformed human cells (25, 26) . The expression of a hTERT C-terminal polypeptide in HeLa cells leads to telomere dysfunction, characterized by chromosome end-toend fusions, and induces a senescence-like phenotype and apoptosis in the absence of telomere shortening (27) . These studies suggest a role for the C-terminal domain in maintaining telomere length, integrity and structure (25±27). Recently, a DAT region essential for telomere maintenance in vivo was mapped to the hTERT C terminus (28) . The Saccharomyces cerevisiae TERT C terminus also contributes to telomere *To whom correspondence should be addressed. Tel: +1 514 340 8260; Fax: +1 514 340 8295; Email: chantal.autexier@mcgill.ca Nucleic Acids Research, 2003, Vol. 31, No. 14 4059±4070 DOI: 10.1093/nar/gkg437 length regulation, but is not required for cell survival (11) . In addition, the C terminus of hTERT contains binding sites for the 14-3-3 and CRM1 proteins, which regulate the intracellular localization of telomerase (29) . The C terminus of the TERTs is also essential for telomerase catalytic function. Analysis of human and Tetrahymena TERT C-terminal truncations revealed that the C-terminal domain is required for in vitro enzymatic activity but probably not for binding to the telomerase RNA (12, 15, 16) . Sequences at the junction of the RT motif E and the C terminus of hTERT play a role in functional and physical multimerization with other hTERT molecules (19, 20) . The processivity of human immunode®ciency virus type 1 (HIV-1) RT is mediated in part by residues in the C-terminal extension (24, 30, 31) . Similarly, amino acids in the C-terminal domain of Est2p (S.cerevisiae TERT) contribute to telomerase activity, enzyme processivity and telomere length maintenance (24, 32) . These results reveal mechanistic similarities between HIV-1 RT and yeast telomerase, and support a role for enzyme processivity in telomere maintenance (24, 32) .
The TERT C terminus has been implicated in a number of telomerase-speci®c functions. However, the TERT amino acid residues and mechanisms mediating these functions have not been completely characterized for human telomerase. In the present study, human telomerases containing small deletions and substitutions were expressed in an in vitro transcription/ translation system to investigate the regions of the hTERT C terminus involved in telomerase activity, multimerization with other hTERT molecules and enzyme processivity.
MATERIALS AND METHODS

Plasmid constructions
The construction of pET28b-hTERT, pET28a-GST-hTERT and pET28a-GST-hTERT D868N expression plasmids has been described previously (17, 33) . Internal C-terminal deletions and amino acid substitutions were generated using the Quick-Change site-directed mutagenesis protocol (Stratagene), the template pET28b-hTERT and appropriate pairs of primers. All C-terminal derivatives of hTERT were con®rmed by restriction enzyme digestion and/or sequencing. The full-length hTR expression plasmid, phTR+1, has been described previously (34) .
Sequence comparison
All TERT sequences used in the comparative analysis [NCBI BLAST (35) ] were obtained from GenBank. The Rattus norvegicus TERT C-terminal amino acid sequence is a conceptual translation of the coding sequence available in the NCBI protein database.
In vitro transcription/translation
The T7-coupled transcription/translation rabbit reticulocyte lysate (RRL) system (Promega) was used as described previously (17) . Full-length and C-terminal derivatives of hTERT were synthesized in RRL in the presence of puri®ed hTR and [ 35 S]methionine. hTR was synthesized and puri®ed from FspI-linearized phTR+1 plasmid as previously described (34) .
Telomerase activity assays
Telomerase activity was measured by two methods. First, a PCR-based telomerase repeat ampli®cation protocol (TRAP) assay was performed on equal amounts of protein as described (36) . An aliquot of 0.5±1 ml of RRL expressing hTERT or C-terminal variants in the presence of hTR was assayed for telomerase activity.
Secondly, a non-PCR-based telomerase elongation (also known as a standard, direct or conventional) assay was performed (37) with modi®cations. Equal amounts of hTERT or C-terminal variant proteins expressed in RRL in the presence of hTR (~20 ml of RRL sample) were assayed for telomerase activity in a 40 ml ®nal reaction volume using a gel-puri®ed 5¢-biotinylated (TTAGGG) 4 as telomeric primer (Operon). Standard reaction conditions were 50 mM Tris±HCl pH 8.3, 50 mM KOAc, 1 mM MgCl 2 , 5 mM b-mercaptoethanol, 1 mM spermidine, 1 mM telomere primer, 1.25 mM [a-32 P]dGTP (800 Ci/mmol; NEN Life Science Products), 1 mM dATP and 1 mM dTTP. The reaction mix was incubated at 30°C for 2 h. The elongation step was terminated by adding 50 ml of RNase stop buffer (10 mM EDTA, 2 M NaCl, 0.1 mg/ml RNase A) and incubated at 37°C for 15 min. After addition of 50 ml of proteinase K solution (10 mM Tris± HCl pH 7.5, 0.3 mg/ml proteinase K) and a 15 min incubation at 37°C, a pre-washed Streptavidin MagnaSphere â Paramagnetic bead suspension (Promega) in 10 mM Tris±HCl pH 7.5, 1 M NaCl, 0.5 mM EDTA was added. The elongation products were immobilized on magnetic beads at room temperature for 30 min. Bead±elongation product complexes were washed three times with buffer A (10 mM Tris±HCl pH 7.5, 1 M NaCl), once with buffer B (10 mM Tris±HCl pH 7.5), resuspended in 10 ml of formamide dye (95% deionized formamide, 10 mM EDTA) and boiled for 30 min. Telomerase reaction products were analyzed by 8% polyacrylamide±urea gel electrophoresis. Gels were dried and exposed to X-ray ®lm. Standard reaction assays were also performed using native telomerase extracted from telomerasepositive HL-60 cells (38) or with RRL and a 5¢-end-labeled primer (TTAGGG) 4 .
Multimerization assay
Non-radiolabeled GST±hTERT proteins synthesized in RRL were immunopuri®ed with a GST antibody (Amersham Pharmacia) pre-bound to protein A±Sepharose (Sigma) (17) and [ 35 S]methionine-labeled His 6 -tagged hTERT, and C-terminal variants were immunopuri®ed using Talon resin (Clontech) as described by the manufacturer. Equal amounts of partially puri®ed 35 S-labeled His 6 -tagged hTERT or C-terminal variants were added to the immobilized GST± hTERT proteins and co-immunoprecipitation was performed as previously described (17) . Immunoprecipitated GST±hTERT and co-precipitated hTERT were resolved on an SDS±7.5% polyacrylamide gel and detected by western blot analysis and by visualization of 35 S-labeled proteins, respectively.
Signals corresponding to GST±hTERT and 35 S-labeled proteins were quanti®ed by densitometric analysis of the autoradiographs (ImageQuant software, Molecular Dynamics). The ef®ciencies of co-immunoprecipitation of hTERT and C-terminal variant proteins were calculated by expressing the signal obtained from the co-precipitated 35 S-labeled proteins as a percentage of the input signal. This co-immunoprecipitation value was then normalized to the levels of non-radiolabeled GST±hTERT detected in western blots, and the resulting values for each C-terminal variant were expressed as a percentage of the value obtained for wild-type hTERT. Data for individual mutants were statistically compared with the data for wild-type proteins using a paired two-tailed Student t-test.
Quanti®cation of processivity
The signal of each telomerase elongation product was quanti®ed by densitometric analysis of the autoradiographs or by phosphorimager analysis (ImageQuant software, Molecular Dynamics). Results of quanti®cation using both methods were similar. The total counts for each signal were normalized to the amount of transcript by dividing each elongation product signal by the number of labeled dGTPs it contains.
The processivity (P i ) at each position within a single base pair repeat (type I) was calculated using the formula P i = sum(T i+1 + T i+2 + ¼+ T 6 )/sum(T i + T i+1 + ¼+ T 6 ) described in Peng et al. (2001) (24) . T corresponds to the normalized signal at a given position, designated by i. The values obtained in independent experiments for equivalent positions within the ®rst and second telomerase repeats (e.g. +1 is equivalent to +7) were averaged and statistically compared with average wildtype values using a paired two-tailed Student t-test. +1 and +7 refer to the second G in the human telomeric sequence TTAGGG. Similar processivity pro®les were obtained for hTERT and C-terminal variants when equivalent telomerase elongation products within the ®rst and second repeat were compared.
Repeat addition processivity (type II) was calculated using the normalized signals of the +6, +12, +18 and +24 telomerase elongation products (where products were detectable and quanti®able), and by applying the formula P i = (T i+6 )/sum(T i + T i+6 ) described in Hardy et al. (2001) (39) . For example, the normalized intensity of the second repeat addition products is divided by the sum of signals from the ®rst and second repeat addition products. We obtained repeat processivity values for each pair of repeats separately. Repeat processivity values for each of the +6, +12, +18 and +24 elongation products from independent experiments were multiplied by 100, and then averaged. Data were statistically analyzed using a paired twotailed Student t-test. Products included in this analysis were within the linear range of signal detection. Similar values for repeat addition processivity were obtained when ®rst and second repeat addition products, second and third repeat addition products, or third and fourth repeat addition products were compared. As pulse±chase experiments were not performed, we cannot distinguish if long elongation products result from the continuous addition of multiple repeats onto a given telomeric primer, or from dissociation and subsequent rebinding and elongation.
RESULTS
BLAST alignment and mutagenesis
Alignment of C-terminal TERT sequences from diverse organisms indicates that this domain is not well conserved within the TERT family [data not shown; (24) ]. We aligned ®ve vertebrate TERT sequences and Arabidopsis thaliana TERT (5,7,40±46) using the NCBI BLAST program (35) to determine if portions of the C terminus were conserved among vertebrate and A.thaliana TERTs (Fig. 1A) . The C terminus is de®ned in this report as beginning at hTERT residue 936. In contrast to the low degree of C terminus sequence homology among members of the entire TERT family, the C terminus of vertebrate and A.thaliana TERTs contained blocks of highly conserved residues. These residues are not conserved between hTERT and Est2p or between the TERTs and HIV-1 RT (data not shown).
We generated a series of recombinant telomerases containing single amino acid substitutions or 10 amino acid deletions (Fig. 1B) to characterize the roles of the hTERT C terminus in telomerase activity, multimerization with other hTERT molecules and enzyme processivity. Deletions were regularly spaced at approximately 20 amino acid intervals. Single amino acid substitutions of the leucines to alanines at positions 974, 978 and 980 (L974A, L978A, L980A) in the CRM1-binding site (nuclear export signal) were generated (29) . Single amino acid substitutions of the threonine to alanine at position 1030 and the serines to alanines at positions 1037 and 1041 (T1030A, S1037A, S1041A) in the 14-3-3-binding site were also generated (29) . All C-terminal deletions and single amino acid substitutions affected highly conserved residues (the deletions removed between four and eight highly conserved residues). Thus, we identi®ed vertebrate-conserved elements in the hTERT C terminus that may mediate functions speci®c to vertebrate telomerases. This mutagenic approach has been successfully employed to de®ne various functions of hTERT N-terminal amino acid residues (17) . We ®rst addressed whether C-terminal vertebrate-conserved regions are implicated in human telomerase catalytic function.
Telomerase activity of hTERT C-terminal mutants detected by TRAP or by a conventional telomerase assay Wild-type hTERT or hTERT C-terminal mutants were expressed in vitro in RRL in the presence of in vitrotranscribed hTR. Wild-type hTERT and all mutant proteins were stably expressed in RRL (Fig. 2, bottom panel) . The catalytic activities of reconstituted telomerases were assayed by the TRAP technique. The relative telomerase activities for mutant enzymes reconstituted in RRL are shown in Figure 2 (top panel). The D936±945, D963±972, D993±1002, D1020± 1029 and D1077±1086 C-terminal mutants were inactive. The D1047±1056, D1108±1117, D1123±1132, L974A, L978A, L980A, T1030A, S1037A and S1041A hTERT mutants reconstituted similar, or slightly reduced levels of activity compared with those reconstituted by wild-type hTERT. A previous study also reported that a triple alanine substitution T1030A, S1037A, S1041A in the 14-3-3-binding site does not alter telomerase activity, supporting the results we obtain with the variants containing single amino acid mutations at these positions (29) . In addition, our results show that residues in the nuclear export signal-like (CRM1) motif in hTERT are not required for telomerase activity detected by TRAP. The loss of catalytic activity of certain of the C-terminal variants was not due to the inability of these mutants to interact with hTR (data not shown). Thus we identi®ed multiple regions in the hTERT Nucleic Acids Research, 2003, Vol. 31, No. 14 4061 C terminus that are critical to the reconstitution of telomerase activity in vitro.
The C-terminal domain of Est2p has been implicated in enzyme processivity (24, 32) . To date, there have been no reports characterizing the role of hTERT in human telomerase processivity. We adapted the non-PCR-based telomerase elongation (also known as a standard, direct or conventional) assay (37) to characterize the processivity of human telomerases reconstituted in RRL. Wild-type telomerase reconstituted in RRL extended a telomeric (TTAGGG) 4 oligonucleotide in vitro, generating a ladder of primer extension products with the 6-nt pausing pattern characteristic of human telomerase (47) (Fig. 3A , compare lanes labeled hTERT and HL-60). The generation of these products was hTERT and hTR dependent, and RNase and proteinase K sensitive (data not shown). The telomerase activities of all the deletion mutants, including those characterized as inactive by the TRAP technique, were weakly but reproducibly detected using the conventional assay (Fig. 3A) . However, in contrast to the results obtained using the TRAP technique, no deletion mutant reconstituted telomerase activity as ef®ciently as wildtype hTERT (compare Figs 2 and 3A; hTERT, D1047±1056, D1108±1117, D1123±1132). In addition, many deletion mutants did not exhibit the 6-nt pausing pattern characteristic of wild-type human telomerase (Fig. 3A) . Levels of telomerase activity were similar for wild-type, T1030A and S1037A hTERT mutants, whether detected by the conventional assay or by the TRAP technique (compare Figs 2 and  3B) . However, the L980A and S1041A mutants reconstituted lower levels of activity than wild-type hTERT, whereas the L974A and L978A mutants reconstituted only weak levels of telomerase activity as detected by the conventional assay (Fig. 3B) . Therefore, the conventional telomerase assay revealed catalytic defects that cannot be detected by the TRAP technique. Our results indicate that most vertebrateconserved residues in the hTERT C terminus are required for catalytic activity, and that many of these residues are implicated in regulating overall levels of DNA synthesis.
Processivity defects of hTERT C-terminal mutants
Using the conventional telomerase elongation assay, short telomerase elongation products, representing the addition of the ®rst few telomeric repeats onto the DNA substrate, were detectable for all mutant telomerases (Fig. 3) . However, the deletion mutants reconstituted lower levels of activity than wild-type hTERT. The primer extension products generated by wild-type hTERT or C-terminal hTERT variants were quanti®ed to determine if elongation defects were due to reduced enzyme processivity in addition to decreased levels of DNA synthesis. Telomerase processivity refers to the ability of the enzyme to (i) catalyze successive nucleotide additions within a single 6-base repeat (type I) and (ii) copy the RNA template repetitively, resulting in multiple 6-base repeats (type II). Type I processivity of yeast telomerase has been characterized, and is regulated by elements of the Est2p RTlike motifs and the C terminus (24) . Type II processivity, or repeat addition processivity, is a feature of human and ciliate telomerases which can add hundreds of nucleotides to a DNA substrate in vitro (39, 47, 48) . We quanti®ed all elongation products generated by the reconstituted telomerases, including products that migrated below the input primer (TTAGGG) 4 . Products that migrate lower than the primer substrate may be generated by the addition of nucleotides onto input primer that has been cleaved by an endonuclease activity such as that previously characterized for ciliate and yeast telomerases (49, 50) . These lower products are not detected when [a-32 P]-labeled primer is added to RRL, suggesting that they are not generated by random nucleases in RRL (Fig. 3A) . +1 and +7 refer to the second G in the human telomeric sequence TTAGGG.
Quanti®cation of the primer extension products [speci®c-ally, +6, +12, +18 and +24 telomerase elongation products (where applicable), see Materials and Methods] generated by all mutants revealed that deletion of many of the residues between amino acids 963 and 1117 caused defects in type II processivity ( Fig. 3 and Table 1 : D963±972, D1047±1056, D1077±1086, D1108±1117). The repeat addition processivity of these mutants ranged from 23 to 66% relative to wild type, and is comparable with the repeat addition processivity of recombinant Tetrahymena telomerases reconstituted with mutant telomerase RNA subunits that cause defects in enzyme processivity (18±73% relative to wild type) (39) . Therefore, the results of these primer extension assays identify a possible type II processivity-modulating region in the C terminus of hTERT.
Analysis of type I processivity revealed that certain small deletions in the hTERT C terminus affected processivity at some positions within the telomeric repeat (Fig. 4) . Processivity at position +3 was signi®cantly reduced by 18±34% for the D963±972, D993±1002, D1047±1056, D1077± 1086 and D1108±1117 mutants compared with wild type. Processivity was reduced by 25±37% at position +4, and by 41±53% at position +5 for deletion mutants that had statistically signi®cant enzyme processivity defects. The reduction in processivity observed for the C-terminal mutants is similar to the decreases reported for Est2p mutants defective in enyzme processivity (24) . Deletion of the last 10 C-terminal amino acids, and substitution of residues in the 14-3-3-and CRM1-binding motifs did not affect type I processivity (Fig. 4) . These results suggest that certain C-terminal regions characterized in this study contribute to both type I and type II enzyme processivity.
C-terminal mutations do not prevent the physical association of hTERT proteins
Previous studies indicate that human telomerase is a multimer and that an RT region adjacent to the C terminus of hTERT is implicated in multimerization (17±20,51). We and others have previously demonstrated that the physical association of hTERT molecules is hTR independent (17, 18, 20) . Moreover, N-terminal hTERT mutations, including those that inactivate telomerase and abolish RNA binding, do not prevent the physical association of hTERT proteins (17) . In an effort to determine the role of the C terminus in multimerization, we mixed immunopuri®ed GST±hTERT protein with partially puri®ed [ 35 S]methionine-labeled hTERT or C-terminal mutants, and immunoprecipitated hTERT/GST±hTERT complexes. Levels of immunoprecipitated GST±hTERT were examined by western analysis, and co-precipitated [ 35 S]methionine-labeled hTERTs were detected by SDS± PAGE and autoradiography (Fig. 5 ). All C-terminal mutant proteins co-precipitated with GST±hTERT. The association was speci®c because 35 S-labeled proteins were not precipitated in the absence of GST±hTERT or GST antibody (lanes 19 and 20) . When compared with wild-type hTERT, none of the mutant proteins exhibited defects in Figure 3 . Detection of the catalytic activity of in vitro-reconstituted human telomerases using the direct primer extension telomerase assay. The telomerase activity of hTERT C-terminal variants expressed in RRL was detected using a non-PCR-based conventional assay. +6, +12, +18 and +24 refer to the ®rst G in the telomeric sequence TTAGGG. The 3¢-end-labeled biotinylated primer (TTAGGG) 4 hTERT±hTERT protein interactions (Fig. 5) . Quanti®cation of GST±hTERT/hTERT interactions indicated that all mutant proteins co-precipitated with GST±hTERT more ef®ciently than did wild-type hTERT (data not shown). However, only the D936±945 mutant exhibited a statistically signi®cant (P < 0.01) increased interaction with GST±hTERT (~3-fold).
In conclusion, none of the C-terminal mutants characterized in this study impaired the physical association of hTERT proteins.
Inactive C-terminal mutants cannot functionally complement an inactive RT domain mutant
Previous studies indicate that separately inactive hTERT fragments can functionally multimerize in vitro and in vivo to reconstitute telomerase activity (12, 17, 19) . Though N-terminal mutations do not prevent the physical association of hTERT proteins, some inactive N-terminal mutants fail to complement an inactive RT domain mutant to reconstitute activity (17) . Therefore, we determined if inactive C-terminal mutants could complement an inactive RT domain mutant. The catalytically inactive point mutant GST±hTERT D868N (17) and C-terminal mutants were co-synthesized in RRL in the presence of hTR, and reactions were examined for telomerase activity and the expression of C-terminal mutants and GST±hTERT D868N (Fig. 6) . Though all C-terminal mutants were expressed equally (Fig. 6, bottom panel) , none of the inactive C-terminal mutants functionally complemented GST±hTERT D868N to reconstitute telomerase activity (Fig. 6, top panel) . As previously reported, the inactive N-terminal hTERT mutant D150±159 functionally complemented GST±hTERT D868N to reconstitute telomerase activity (lane 2), whereas the inactive N-terminal mutant W547A did not functionally complement GST±hTERT D868N (17) . Our results indicate that functional complementation requires the presence of intact RT motifs and is an inactive N-terminal hTERT mutant that functionally complements GST±hTERT D868N to reconstitute telomerase activity (17) . The W547A mutant is an inactive N-terminal hTERT mutant (lane 3) that does not functionally complement GST±hTERT D868N to reconstitute telomerase activity (17) . GST±hTERT D868N and hTERT mutants were detected by SDS±PAGE/autoradiography (bottom panel).
catalytically essential C-terminal residues on the same hTERT molecule, supporting previously published results derived from the analysis of hTERT C-terminal truncations (19) .
DISCUSSION
In vitro and in vivo reconstitution of human telomerase has been used to map functions mediated by the N-and C-terminal extensions of hTERT (12,15,17±20,28) . Our results obtained using the TRAP technique demonstrate an in vitro catalytic role for many vertebrate-conserved C-terminal residues. hTERT C-terminal mutations that altered the largest numbers of conserved residues impaired in vitro telomerase activity most severely (Figs 1 and 2 ). Despite the low degree of C terminus sequence homology among members of the entire TERT family, our data and those derived from previous studies of the C termini of human, Tetrahymena and yeast TERTs indicate that the TERT C-terminus is essential for telomerase catalytic activity (15, 16, 19, 24, 28) .
Functional complementation requires a hTERT molecule containing both catalytically essential C-terminal residues and intact RT motifs
Inactive hTERT fragments can functionally complement each other to reconstitute telomerase activity, providing additional evidence that human telomerase exists as a dimer or multimer (17±20,51). The requirements for functional complementation include the association of hTR with only one active subunit of hTERT, intact hTR interaction sites in the N terminus of a hTERT molecule containing functional reverse transcriptase motifs, and catalytically important residues located C-terminal to amino acid 884 (17, 19) . This latter region includes the residues 914±928 that are implicated in hTERT oligomerization (20) . A previous study reported that a truncated inactive version of hTERT encoding amino acids 1±884 cannot complement a motif A catalytic point mutant, indicating that an intact C terminus and RT motifs on the same hTERT molecule are required for functional multimerization (19) . Our study, using hTERT variants containing small internal deletions at the C terminus, supports this latter conclusion. Our results also indicate that the catalytic and functional complementation defects of the C-terminal variants were not due to the inability of the mutant hTERTs to associate with hTR (data not shown). Thus, functional complementation requires a hTERT molecule containing catalytically essential C-terminal residues and intact RT motifs.
We also report that all of the hTERT C-terminal mutants can physically associate with wild-type GST±hTERT protein, suggesting that the catalytic and functional complementation defects of the C-terminal variants were not due to inhibition of dimerization or oligomerization. The mechanisms mediating the enhanced interactions of all C-terminal variants with GST±hTERT are unknown; perhaps regions implicated in negatively regulating hTERT association have been disrupted, or the conformation of the mutant proteins has been slightly altered. However, the association of the hTERT variants with hTR suggests that the proteins are not grossly misfolded (data not shown) (15, 19) . Deletion of hTERT residues 936±945 resulted in a statistically signi®cant (P < 0.01) increase in hTERT interaction (~3-fold). Arai and co-workers recently determined that amino acids 914±928 are essential for oligomerization (20) . The proximity of residues 936±945 and 914±928 suggests that residues 936±945 could be part of a C-terminal region implicated in oligomerization. Thus C-terminal hTERT amino acids required for catalytic activity and functional complementation are not essential for the physical interaction of hTERT with another hTERT molecule or the telomerase RNA component. Recently, Arai and coworkers reported that the C terminus of hTERT can bind the N terminus of hTERT (20) . As our experiments were performed using wild-type hTERT and C-terminal hTERT mutants, the C terminus of wild-type hTERT may bind the N terminus of the hTERT mutants, possibly masking defects in multimerization normally mediated by C-terminal hTERT residue interactions.
Role of the hTERT C terminus in DNA synthesis: TRAP versus the non-PCR-based elongation assay
The results we obtained using the standard telomerase assay varied from those obtained using the TRAP technique in two important aspects. First, the non-PCR-based assay is more sensitive than the TRAP technique for detecting differences in levels of reconstituted telomerase activity or DNA synthesis. Secondly, short telomerase elongation products, representing the addition of the ®rst few telomeric repeats onto the DNA substrate, are detectable by the conventional telomerase assay but not by TRAP.
Using the TRAP technique, the D1047±1056, D1108±1117, D1123±1132, L974A, L978A, L980A and S1041A hTERT mutants reconstituted similar, or slightly reduced levels of activity compared with the levels reconstituted by wild-type hTERT, suggesting that these residues are not essential for catalysis. Our results obtained using the TRAP technique also demonstrate an in vitro catalytic role for many vertebrateconserved C-terminal residues. hTERT C-terminal amino acid residues important for telomerase activity were recently identi®ed at similar positions using telomerases reconstituted in vivo (28) . Deletion (this study) or substitution (28) of hTERT residues at overlapping positions affected levels of telomerase activity similarly, suggesting that deletion of the hTERT residues does not grossly distort the overall structure of the protein.
Using the non-PCR-based telomerase elongation assay, we found that most of the vertebrate-conserved residues mutated in this study were required to reconstitute wild-type levels of in vitro catalytic activity (Fig. 3) . Only the substitution of residues at positions 1030 and 1037, previously determined to be involved in regulatory interactions with 14-3-3 in vivo, did not affect levels of reconstituted telomerase activity assayed by the non-PCR-based technique. Interestingly, mutation of residues in the CRM1-interacting site of hTERT caused catalytic defects that were detected by the conventional assay, indicating that conserved residues in this motif may regulate the catalytic function of human telomerase in addition to modulating hTERT localization. Banik and colleagues (2002) recently reported that substitution of the last six hTERT residues 1127±1132, which constitute a biologically essential DAT domain, reduces but does not abolish telomerase activity, as detected by TRAP (28) . In the present study, deletion of residues 1123±1132, which overlap with the DAT domain, nearly abolished telomerase activity detected by the conventional assay but did not affect telomerase activity detected by TRAP. These results suggest that catalytic defects could in part mediate the telomere maintenance defects of the DAT mutant (28) . In fact, a correlation was recently found between telomerase activity and processivity mediated by the C terminus of S.cerevisiae TERT, and telomere length in vivo (24, 32) .
In the present study, we also report that mutants that are inactive when assayed by TRAP synthesize low levels of short elongation products detectable using the standard assay. It is likely that these short elongation products cannot be ampli®ed by PCR due to the design of the TS and ACX primers, as the shortest products detectable by TRAP are 50 nt in length (52±54). Thus the standard assay allows the analysis of all elongation products generated by telomerase. Detailed mechanistic studies of S.cerevisiae and recombinant Tetrahymena telomerases have been possible through the use of direct telomerase assays (24, 32, 39, 55) . The non-PCR-based telomerase elongation assay that we report will now permit a detailed characterization of the human telomerase mechanism of action using recombinant telomerase reconstituted in RRL.
The hTERT C terminus is a determinant of human telomerase repeat addition processivity Numerous studies have characterized the regulation of catalytic activity and processivity of endogenous telomerases (48,56±58). The processivity of endogenous human telomerase in vitro can be modulated by temperature, substrate (primer and dNTP) concentrations, primer sequence and Gquadruplex-interacting agents such as potassium ions (37, 47, 59) . However, few studies have identi®ed determinants within the TERT, telomerase RNA or associated protein components that regulate telomerase enzyme processivity. Detailed characterization of the telomerase mechanism of action has previously been most commonly reported using a non-PCR-based elongation assay, and this assay is the method of choice for mechanistic analyses of telomerase. Recently, a modi®ed TRAP assay has also been reported for the analysis of processivity (speci®cally the generation of 9±10 repeats) and minimal template RNA length requirements of the human telomerase enzyme (53, 54) .
Studies of Euplotes crassus telomerase indicate that the developmentally regulated association of proteins with telomerase can in¯uence repeat addition processivity (58, 60) . Tetrahymena telomerase enzymes reconstituted in vitro or in vivo with mutant telomerase RNA subunits have type II processivity defects, implicating the RNA component in the regulation of enzyme processivity (61±63). Hardy et al. (2001) also reported the decreased repeat addition processivity of recombinant Tetrahymena telomerases reconstituted in RRL with mutant telomerase RNA subunits (39) . Recently, nucleotide determinants adjacent to the template region of human and mouse telomerase RNAs were identi®ed as regulators of enzyme processivity (64) .
However, to date, there has been only one report characterizing the role of TERT in type II enzyme processivity. Bryan et al. (2000) identi®ed a leucine at position 813 in motif C of Tetrahymena telomerase that affected the intrinsic processivity of the enzyme (65) . Interestingly, in all retroviral RTs, the residue at this position is a tyrosine that is critical for catalytic activity. Substitution of the Tetrahymena telomerase leucine at position 813 with tyrosine resulted in increased repeat addition processivity (type II), creating an enzyme that resembles the highly processive classical RTs (65) . Several of the C-terminal hTERT mutants that we characterized in the current study exhibited type II processivity defects, suggesting that a determinant of human telomerase repeat addition processivity resides in the hTERT C terminus, perhaps between residues 963 and 1117. The mechanism mediating defects in processivity remains to be determined. Defects in processivity could result from alignment of substrate at alternative template positions, defects in primer or dNTP binding or defects in primer extension or translocation. Human telomerase repeat addition processivity, like that of Tetrahymena telomerase, may also be mediated by other regions of hTERT, including the conserved RT motifs that are implicated in retroviral RT processivity.
Type I processivity: functional conservation between the C-terminal domains of human and yeast telomerase reverse transcriptase subunits Processivity defects that map to the S.cerevisiae TERT C terminus have previously been characterized (24, 32) . C-terminal Est2p deletions affect type I processivity, and this region may be functionally analogous to the C-terminal extension of the HIV-1 RT (24) . Interestingly, the deletion of the Est2p C terminus does not completely abolish telomerase activity as measured in a direct telomerase assay, though levels of DNA synthesis are reduced (24) . Similar to the Est2p C-terminal mutants, many C-terminal hTERT mutants that we characterized in the current study exhibited signi®cant type I processivity and overall DNA synthesis defects. Thus, despite weak conservation of C-terminal TERT sequences from vertebrates and yeast, the identi®cation of C-terminal hTERT residues involved in modulating type I enzyme processivity suggests a functional conservation between the C-terminal domains of human and yeast telomerases. The mechanistic basis of this functional similarity will require careful characterization. Our results indicate that the hTERT C terminus plays essential roles in several human telomerase functions: catalytic activity, functional complementation with other hTERT molecules and enzyme processivity.
